The solid phase FTIR spectra of (z)-4-(2-(acryloyloxy)ethoxy)-4-oxobut-2-enoic acid (cis-AEOEA) and its polymers have been recorded in the regions 3500~500 cm -1 , respectively. The IR spectra of cis-AEOEA was interpreted with the aid of normal coordinated analysis following full structure optimization and force field calculation based on density functional theory (DFT). Standard scaling factor was used to afford better correspondence between the calculated and experimental wavenumbers for the separation and unambiguous identification of observed IR spectra of cis-AEOEA, especially for C=C double bonds. The characteristic absorption bands of C=C are used for identifying the kind of C=C double bonds in cis-AEOEA's polymers.
Introduction
Cis-AEOEA is a novel divinyl monomer (see Figure 1 ) in which two double bonds are different in reactivity. It can be synthesized by the reaction of hydroxyl acrylate with maleic anhydride. Generally, the acrylate double bond (C14=C15) of cis-AEOEA is prone to polymerization while the cis-butenedioic acid one (C4=C5) is not, and the inactive C4=C5 double bond can be activated by electron-donating monomers. Therefore, the polymer containing C4=C5 double bond of cis-AEOEA is controlled by the electron-donating ability of comonomers. 
Fig. 1. Numbering of atoms of cis-AEOEA.
Vibrational spectroscopy is the most versatile and yet a relatively simple and cheap instrumental method of structural analysis that is applied in virtually all branches of chemistry [1] . Therefore, in order to identify the existence and kind of double bond in the polymers, the solid phase FTIR spectra of cis-AEOEA and its polymers have been recorded in the regions 3500~500 cm -1 , respectively. But their IR spectra are too complicated to interpret and cannot be found in the spectral database. Therefore, the confirmation of the presence of specific structural moieties on the basis of experimental spectra-structure correlations alone is troublesome.
Fortunately, with the development of computational methods of theoretical chemistry, simulation of vibrational spectra based on quantum mechanical calculations can be of considerable help in structural identification [1 -7] . Especially when the structure of target molecules (and hence their spectra) become more and more complex [8] and for new compounds whose IR and mass spectra cannot be found in the spectral databases.
Some work has been presented in the literature on vibrational frequencies determined with more sophisticated correlated methods. One of the most successful selective scaling schemes, developed with a deep understanding of the nature of molecular vibrations, is the so-called scaled quantum mechanical (SQM) [9, 10] force field method. A significant advantage of the SQM force field method is that it does not require the analysis of isotopomer spectra to get an approximately correct assignment. These studies have, however, been generally limited to small polyatomic molecules. In addition, SQM force field method is difficult to the experimental chemist having little practice in quantum chemistry calculations. Therefore, scaling factors can be derived through a least-squares approach [11] . This method is easier however sufficient sometimes. In simpler molecules, global scaling (or uniform scaling) of the theoretical force field with one common scale factor may prove satisfactory [12] . However, it has been shown that application of multiple scale factors may lead to better results [1, 13 -15] .
Therefore the aim of this work is to perform normal coordinate calculation with DFT force field for simulating the IR spectra of cis-AEOEA, especially for the confirmation of the presence and kind of C=C double bond. Standard scaling factor was used to afford better correspondence between the calculated and experimental wavenumbers, for the separation and unambiguous identification of observed IR spectra of cis-AEOEA, especially for the C4=C5. Moreover, the characteristic absorption bands of C4=C5 was used for identifying the type of C=C double bond contained in cis-AEOEA's polymers.
Results and discussion

Molecular geometry
It is known that acrylic group usually exhibits the highest reactivity. Therefore, the reactivity ratio of C14=C15 double bond is higher than that of C4=C5. Consequently, the conformational space of C14=C15 has significant effect on the polymerization. The four anticipated conformers of cis-AEOEA are shown in Fig. 2 .
The optimized geometry parameters of the stable conformer 1 are C4-C5: 1.3457Ǻ, C14-C15: 1.3344Ǻ, C12-C14-C15: 120.5140º, C13-C12-C14-C15: 0.0000º and C2-C4-C5-C6: 0.0031º. In addition, the vibrational frequency calculations revealed that conformer 1 has no imaginary frequency. Therefore, conformer 1 was used to calculate the IR spectra.
The DFT calculations have shown that conformer 1 has a lower energy than the others (see Table 1 ). 
Effect of basis sets on the correspondence between the calculated and experimental IR spectra of cis-AEOEA
The measured and unscaled calculated IR spectra of cis-AEOEA are presented in Figure 3 . The calculated IR spectra in Figure 3 are different in basis sets, but there is no noticeable difference and better agreement with a highest level theory. In addition, higher levels of calculations are very time consuming. Therefore, B3LYP/6-31+G(d,p) level is sufficient for this work. In addition, all these calculations refer to isolated molecules in vacuum. Nowadays, many groups have treated the effect due to the environment [16 -18] , either using continuum models (PCM, Onsager, Cosmo) or using explicit solvent models, or combining the two methods. The other molecule in environment could be either a solvent molecule or another identical molecule (a dimeric complex). The simplest case is the water dimer, which is inherently different from isolated water molecules, due to the presence of the hydrogen bonding. Therefore, the effect of hydrogen bonding maybe important due to the COOH group contained in cis-AEOEA. Thus, effect of cis-AEOEA dimer on calculated IR spectra is discussed subsequently.
Effect of hydrogen bond
As mentioned above, environment has effect on IR spectra. Therefore, the effect of hydrogen bonding was taken into consideration. The structure of cis-AEOEA dimer is shown in Figure 4 . Cis-AEOEA dimer was optimized at B3LYP/6-31+G(d,p) level of theory, and frequencies were calculated to verify stationary points as stable states (the number of imaginary frequencies is 0). The calculated IR spectra of cis-AEOEA and cis-AEOEA dimer which scaled by standard scaling factor (0.9642) are presented in Figure 5 . In addition, the measured IR spectrum is also shown.
It can be seen from Figure 5 , in the range of 1500~1750cm -1 , the calculated IR spectra of cis-AEOEA dimer has better correspondence with the observed spectral pattern. In the range of 500~1500cm -1 , the calculated IR spectra of cis-AEOEA has better correspondence with the observed spectral pattern than that of cis-AEOEA dimer, especially for peak 4, 5 and 8. Therefore, the calculated IR spectrum of cis-AEOEA scaled by standard scaling factor at B3LYP/6-31+G(d,p) level is sufficiently accurate for this work.
Identification of IR spectra of cis-AEOEA and the Application of characteristic absorption bands of C4=C5
Detailed description of vibration modes were defined as given in Table 2 and the assigned peak of observed IR spectra of cis-AEOEA is presented in Figure 5 . According to Table 2 , the peak assignments for cis-AEOEA were made as follows: (peak 1) all C=O stretching vibrations, (peak 2) all C=C stretching, (peak 3) H bending in COOH and C-O stretching, (peak 4) CH2 bending and torsion and C-O-C antisymmetric stretching, (peak 5) C-O-C antisymmetric stretching, CH2 and C=C bending and torsion, (peak 6) H out-of-plane bending in C14=C15 and CH2 bending and torsion, (peak 7) H out-of-plane bending in C4=C5 and COOH, (peak 8) H out-ofplane bending in C4=C5 and C2=O3 out-of-plane bending. Therefore, peak 2 is the characteristic absorption peak of all double bonds, and peak 7 and 8 are primarily the H out-of-plane bending in C4=C5. Thus peak 7 and 8 are the characteristic absorption peaks of C4=C5, and they will be used for identifying whether the C4=C5 double bond exists in the (co-)polymers of cis-AEOEA.
The measured IR spectra of cis-AEOEA, homopolymer of cis-AEOEA, cis-AEOEAco-BMA and cis-AEOEA-co-VA are presented in Figure 6 . It can be seen from Figure 6 that homopolymer of cis-AEOEA and cis-AEOEA-co-BMA containing double bonds (peak 2', 2") and the double bonds are C4=C5 (peak 8', 8", 9', 9") while cis-AEOEA-co-VA is not. It is said that the double bond of C14=C15 in divinyl monomer (cis-AEOEA) is prone to polymerize while the C4=C5 is controlled by its comonomers, therefore cis-AEOEA can be used to simplify the preparation of unsaturated polymers and the degree of unsaturation can be controlled by its comonomers.
Conclusions
Complete vibration analysis of cis-AEOEA was performed according to quantum mechanical force field method based on DFT calculation at different basis sets. The B3LYP/6-31+G(d,p) calculated IR spectra of cis-AEOEA scaled by standard scaling factors led to sufficient correspondence with the measured wavenumbers of cis-AEOEA. Peak 2 was used for identifying the existence of double bonds in homopolymer of cis-AEOEA and cis-AEOEA-co-BMA. Moreover, the peak 7', 7", 8', 8" show that the double bond contained in polymers are C4=C5 while the cis-AEOEA-co-VA contained neither C14=C15 nor C4=C5.
Experimental part
Materials
VA was purchased from Tianjin Guangfu Fine Chemical Research Institute, BMA were purchased from Tianjin Kermel Chemical Reagents Development center, and were purified via vacuum distillation. Maleic anhydride (MA) and hydroxyethyl acrylate (HEA) were purchased from Aldrich Chemical Company. 2,2'-Azobisisobutyronitrile (AIBN) was purchased from Aldrich and recrystallized from methanol twice before use. All other chemicals were used as received.
Measurements
The room temperature Fourier transform infrared spectra of the cis-AEOEA and its polymers were measured in 3500~500 cm -1 region at a resolution of 1 cm -1 using a BRUKER TENSOR 37 FTIR spectrometer. The samples used in these measurements were on KBr pellets.
Synthesis of cis-AEOEA
Hydroxyethyl acrylate (116 g) and maleic anhydride (98 g) were mixed in 100 mL CHCl 3 in 500mL three-neck round-bottom flask with continuous stirring, and a condenser were attached to the flask [10] . The flask was closed with rubber septa, purged with N2, and kept in a water bath to adjust the temperature to 35 o C. The final mixture was then allowed to react for 7 days. After completion of the reaction, the mixture was evaporated using a rotary evaporator to remove CHCl 3 at room temperature. Then the leftover was extracted with water and the organic layer was separated and extracted more than twice to remove unreacted hydroxyethyl acrylate and maleic anhydride. The final product was dried in a vacuum oven at 35 o C for 2 days.
Synthesis of Polymer
The procedure for the solution polymerization of cis-AEOEA was carried out as follows. The cis-AEOEA (5 g), AIBN (0.05 g) and ethyl acetate (50 mL) were mixed in 100 mL three-neck round-bottom flask with continuous stirring, and polymerized under N2 atmosphere at 50 o C for 1 day. The flask was closed with rubber septa, attached with a condenser and kept in a water bath to adjust the temperature. Water was added to the final mixture and an insoluble white solid product was obtained. The white solid was dissolved in ethyl acetate and precipitated into water. The precipitation process was repeated two more times. Finally, the product was dried in a vacuum oven at 50 o C for 1day.
Essentially the same procedure was used for the solution copolymerization of cis-AEOEA with BMA or VA. The cis-AEOEA (5 g), BMA (3.32 g), AIBN (0.08g) and ethyl acetate (70mL) were mixed in 100 mL three-neck round-bottom flask with continuous stirring, and polymerized under N2 atmosphere at 50 o C for 1 day. Water was added to the final mixture and an insoluble white solid product was obtained. The white solid was dissolved in ethyl acetate and precipitated into water. The precipitation process was repeated two more times. The cis-AEOEA (5 g), VA (2.01 g), AIBN (0.07g) and ethyl acetate (70mL) were mixed and polymerized under N2 atmosphere at 50 o C for 1 day to give white precipitate. Finally, all products were dried in a vacuum oven at 50 o C for 1 day.
Computational part
Quantum chemical density functional calculations was carried out with 03 version of Gaussian suite of program [9] using the B3LYP [10 -11] functionals combined with the standard 6-31G(d), 6-31G(d,p), 6-31+G(d, p) and 6-311+G(3df, 2pd) basis sets. Frequencies were calculated to verify stationary points as stable states (the number of imaginary frequencies is 0). Unscaled frequencies were used to calculate zero point energy (ZPE) and the final energies were corrected with ZPE. The Cartesian representation of the theoretical force constants has been computed at the optimized geometry. Standard scaling factors were used to afford better correspondence between the calculated and experimental wavenumbers.
